MnZn-based ferrite materials like the EPCOS N87 or K2004 are commonly used as magnetic cores in inductive power transfer (IPT) applications. However, the performance and the reliability of IPT systems are limited by ferrite's intrinsic brittleness and low flux density saturation point. In this article, a study of nanocrystalline-ribbon-based magnetic cores for IPT applications is presented. Finite element method (FEM) simulations and experimental validations are used to compare both materials. The design of ultrathin laminated cores such as nanocrystalline ribbons for IPT systems is presented. Compared to ferrite, nanocrystalline ribbon is mechanically more robust; it has a higher magnetic permeability and a higher saturation point. Results show that nanocrystalline ribbon cores achieve more than a 50% volume reduction when used in IPT pads. This is due to nanocrystalline's high saturation point. However, a compromise arises as the total power loss increases due to the induced eddy currents in the core. The reduction of efficiency can be mitigated by special geometrical designs of the nanocrystalline ribbon cores. A 6.6-kW IPT system has been built for experimental validation of the design methodology.
I. INTRODUCTION
I N INDUCTIVE power transfer (IPT) technology, ac magnetic fields are used to couple power between the transmitter and the receiver pads with large airgaps. For instance, airgaps between 10 and 20 cm are used in electric vehicle (EV) wireless charging. This magnetic field is produced by sets of copper coils carrying ac currents. An arrangement of magnetic cores is used to increase the flux density and channel the magnetic flux. Additionally, aluminum sheets are used as shields to prevent magnetic flux leakage to unwanted areas. For the coil, a litz wire is used in order to reduce the skin and proximity effects, which increase the ac resistance of the coil. For the core, MnZn-based ferrite materials such as the EPCOS [1] , [2] or K2004 [2] , [3] are often used. However, the brittleness of these materials makes the IPT system prone to mechanical breakage and limits Manuscript the implementation of large-scale and/or complex geometries. Moreover, ferrite cores have a lower flux density saturation point, which presents challenges for compact and high-power IPT systems. Hence, the power density of IPT charging pad is constrained by the core material.
In recent years, a lot of effort has been made to reduce the amount of the core material used in the pads as a way to increase their power density. In [4] , the core bars were reshaped in order to obtain a uniform flux density throughout the entire bar. On the other hand, in [5] , an optimum two-dimensional (2-D) axisymmetric placement of the core for a polarized pad was studied. In both cases, optimum designs are intrinsically limited by ferrites poor mechanical (Young's modulus, yield strength, and manufacturability) and magnetic (magnetic saturation and permeability) properties [4] , [5] . The need for new magnetic materials is evident. In [6] , for instance, ferrite nanoparticles on a base of polymer were introduced to improve the mechanical performance of the pads and reduce the amount ferrite. Although permeabilities are lower, the mechanical robustness of the material is increased. Iron and steel are not a desirable option due to their low permeability values. This is also true for powder-based cores. Permalloy, Sendust, and FE-based amorphous materials are other possible replacements for ferrite due to their higher saturation point. However, their saturation points and permeabilities are lower than that achievable by nanocrystalline cores [7] .
Nanocrystalline materials, such as FeCuNbSiB, present several advantages that makes them attractive for IPT applications [8] . First, compared to ferrite, nanocrystalline ribbons are mechanically more robust and can be formed into various geometries. This allows for a more robust, reliable, and flexible design. Second, it has a higher relative permeability μ r , which reach values up to 300 000 [8] , which is several orders of magnitude higher than that of ferrite. Higher μ r constrains the magnetic flux more efficiently and reduces the flux leakage to shields or other metallic surfaces. As a result, the coupling coefficient k can be potentially increased.
Nanocrystalline alloys saturate at 1.25 T which is more than twice the saturation point of ferrite. The higher the saturation flux density B sat , the less core material is needed. Hence, more compact designs can be obtained. Moreover, Nanocrystalline's B sat is more constant with respect to temperature deviations as compared to ferrite. This is due to nanocrystalline's higher Curie temperature than that of ferrite. The gradual decay of B sat as a function of the temperature ensures satisfactory performance in the middle temperature range [8] , [9] . As a result, nanocrystalline cores can operate at higher temperatures without compromising performance. Additionally, the requirements for cooling of the core can be relaxed, which decreases the design complexity as well as pad's cost and size.
Nanocrystalline ribbon exhibits lower losses compared to ferrite when the flux is aligned with the ribbon orientation. The hysteresis loss is lower due to the soft magnetic characteristics of the nanocrystalline material. Eddy current loss is limited by using thin laminated ribbons. The typical thickness of nanocrystalline ribbon is between 14 and 30 μm [7] . As the thickness of the ribbon decreases, so do the power losses. The eddy current loss, however, can become problematic when a component of the magnetic flux is perpendicular to the ribbon surface due to the high conductivity of the material: σ = 833333 S/m [10] . This effect is yet to be evaluated for IPT applications.
This contribution evaluates the performance of nanocrystalline magnetic cores for IPT applications with the aid of FEM simulations and experimental setups. In Section I, the simulation environment and comparison frameworks are presented. A methodology for simulating laminated cores is described. In Section II, FEM simulations are used to determine the performance of nanocrystalline ribbon cores in IPT applications and their effect on the coupling coefficient k, flux distribution within the core bars, core losses, and power transfer capability of the pad. Section III covers the experimental validation of the results.
II. SIMULATION ENVIRONMENT AND FRAMEWORK

A. Figure-of-Merit: IPT Coil Efficiency
A simplified structure of an IPT system is shown in Fig. 1 . At the first stage, the low-frequency ac voltage from the grid is rectified by a PFC circuit at the transmitter side. An inverter is used to excite the transmitter coil with high-frequency currents. Throughout this article, a nominal frequency of 85 kHz is used according to the standard SAE J2954 for EV applications. The induced voltage in the secondary is rectified to charge the battery. Compensation circuits (LCL, LCCL, C-series, or C-parallel) are needed for reactive power compensation and power flow control. In this context, the magnetic pads can be represented as a pair of loosely coupled inductors with different values of self (L 1 and L 2 ) and mutual (M ) inductances. The coupling factor k = M/ √ L 1 L 2 for such arrangements ranges between 0.15 and 0.5 depending on the magnetic design and the airgap between pads [11] . The mutual inductance and coupling factor are directly linked to the power transfer capability of the pad. The power transfer efficiency of magnetic coupler for a perfectly compensated system is given by [12] 
Depiction of a (a) laminated core and its (b) equivalent representation with a 100% stacking factor F according to [14] . T : Core bar width. where Q = √ Q 1 Q 2 is the geometric mean of the quality factors of the transmitter and receiver coils, respectively, with Q 1 = ωL 1 /R 1 and Q 2 = ωL 2 /R 2 . R 1 and R 2 refer to the equivalent resistance of the transmitter and receiver coils considering the cumulative effect of both copper and core losses.
The figure-of-merit of IPT pads efficiency is: kQ [13] . Thus, for the same coupling factor k, pads with higher quality factors are more efficient. This figure-of-merit is used in this contribution when comparing ferrite and nanocrystalline ribbon cores.
B. FEM Simulation
Modeling the electromagnetic characteristics of IPT pads by means of FEM simulations is a common practice. The values of self and mutual inductances can be obtained with high accuracy by using FEM simulations. In this article, the pads were simulated by using COMSOL. Simulation results were compared to previously reported values in [1] and [2] matching with a difference of less than 5%. The simulation results were also compared to experimental results (see Section V). with deviations of less than 8%.
C. Simulation of Laminated Nanocrystalline Ribbon Cores
For ferrite (N87), the magnetic properties of the cores are homogeneous regardless of the orientation as the material is isotropic. However, for core bars made with nanocrystalline ribbons, each bar needs to be represented with anisotropic permeability and conductivity. The effect of laminations in numerical FEM simulation has been extensively researched since the last century by Steinmetz, Bertotti, and more recently by Hanhne et al., Bermudez [14] , and Hurley and Wölfle [15] . One of the most popular methods is the homogenization method, since it permits to decrease the complexity of the FEM simulations with an acceptable compromise of the accuracy. Accuracies over 95% can be achieved as reported in [10] . This method uses the equivalent permeability (μ eq ) and conductivity (σ eq ) for calculating magnetic flux, hysteresis losses, and eddy current losses [10] .
A laminated core, shown in Fig. 2 (a), can be represented as a nonlaminated one with equivalent conductivity σ eq and permeability μ eq , as shown in Fig. 2(b) . The equivalent parameters can be isotropic or anisotropic depending on the flux distribution. In transformers, for instance, the equivalent conductivity can be isotropic as the flux is mainly unidirectional. For cuboid-shaped magnetic cores in IPT applications, however, the flux paths are less constrained due to the large airgap in the magnetic path. Hence, the magnetic flux is multidirectional and, consequently, anisotropic properties must be considered. Several methods of calculating the equivalent properties for laminated cores are reported in literature such as the ones in [14] - [16] , and [17] . They vary in terms of accuracy, assumptions, and complexity. In [14] , an expression for the equivalent conductivity in the y axis (σ eq,y ), for a unity stacking factor (F = 1), is introduced as in
where σ is the conductivity of the bulk material, t and a represent the ribbon thickness and width, respectively (see Fig. 2 ), and δ is the skin-depth defined as δ = ( √ πf μ 0 μ r σ) −1 with f as the frequency of operation (85 kHz).
Equation (2) can be modified for the nonunity stacking factors (i.e., F < 1) by dividing σ eq,y by F . The expression is close to the simplified expression introduced in [16] ; thus, the simplified expression is adopted. The conductivities at different directions, considering the stacking factor, are shown in [16] 
The estimation of the equivalent anisotropic permeability is straightforward as only the stacking factor is considered as shown in the following [10] :
Here, μ refers to the bulk permeability while μ 0 refers to the permeability of free space. To facilitate the convergence of the model, linear magnetic properties are considered. The mesh is carefully selected to ensure the convergence of the finite element analysis (FEA).
D. Lamination Orientation
In power transformers, the flux path is unidirectional and the orientation of laminations is selected to facilitate their manufacturability. In IPT applications, however, the flux is multidirectional and, a priori, lamination orientation is not intuitive. The flux enters both the top and lateral faces of the core bars. However, as the majority of the flux enters the top face of the bar, the lamination orientation where the laminated thin ribbon is parallel to the major flux and perpendicular to the surface-as shown in Fig. 2 (a)-was found to be the optimum.
E. Power Loss Calculation
1) Core Losses: At higher frequencies, power losses can be computed either using the concept of complex permeability or following the traditional Steinmetz method. The complex permeability model can be easily defined for isotropic materials but it complicates the FEA computations for anisotropic ones. Consequently, the Steinmetz method was used. This method is standard for core loss estimation in IPT designs as reported in [1] - [3] and [12] . The power loss per unit volume is given by
where C m , α, and β are obtained from the data-sheets of each material. In principle, given the switching character of the power electronics, the modified Steinmetz equation or the generalized Steinmetz equation could be used to increase the accuracy. However, as long as a compensation circuit is in place, the current harmonics decay at −40 dB/dec, which allows for the approximation of the current as a pure sinusoidal at 85 kHz. As a result, the standard Steinmetz equation is sufficient to estimate losses accurately:
The parameters for both materials are detailed in Table I . From Table I , it is clear that nanocrystalline cores generate fewer losses than ferrite cores for the same nontraverse flux B. Traverse flux, however, inherently induces eddy currents in the laminations which in turn increases the overall power losses. In fact, even in nanocrystalline U-shaped inductors with small airgaps, gap losses can account for up to 40% of the total losses at high flux densities [10] . In [10] , the estimation of losses via FEM simulation by means of the homogenized method (see Section II-C) was successfully validated with an accuracy of 95%. Using the same approach, the eddy current losses and the hysteresis losses, hereafter referred to as P elec and P mag , respectively, can be estimated for nanocrystalline ribbon cores.
2) Copper Losses: For the copper losses, the method presented in [12] was used. These losses are of two natures: skin effect (including dc losses) and the proximity effect.
a) Skin effect: The skin effect losses are due to the ac current through each conductor. The self-induced eddy current losses change the distribution of the current in its cross-sectional area. In a litz wire, the skin effect losses are reduced due to the minimum radius of the strands. However, they are not entirely eliminated. An estimation of such losses, per unit length, is given by [18] 
Here, n is the number of strands, r i is the strand radius, R DC = (σπr 2 i ) −1 , and F R (f ) represent the increment of the resistance with the operating frequency, as shown in the following [18] :
where ξ represents the ratio between the skin depth δ cu of copper to the strand diameter as
Likewise, ber x and bei x correspond to real and imaginary part of the Kelvin functions of order x. The Kelvin functions are the solution to the xth order Bessel solution of the first kind J x (z) when the argument z is considered as real. In other words
b) Proximity effect: Proximity effect losses are a consequence of the alternative fields H perpendicular to the coil. The magnetic field that leads to proximity losses results from the sum of the external field H e and the internal field H i . The former is the field induced by neighboring conductors. On the contrary, H i in one strand originates from its neighboring strands. The internal H i can be approximated by [18] 
where r c is the litz wire radius. Consequently, the total proximity losses can be calculated by the following:
where G R defines the increment of the proximity effect as a function of the frequency, and it can be calculated as in the following [18] :
Here, the estimation of H e is done analytically as in [2] . A different value of H e is obtained for each section of the coil depending on its position with respect to the core. A detail explanation of the methodology can be found in [2] and [18] .
3) Compensation Capacitor Losses:
The losses in the compensation capacitors can be calculated from
Here, C corresponds to the capacitance value while δ(f 0 ) = 1.85 is the dissipation factor. The latter is identified from the datasheet of the TDK's Metallized Polypropylene Film Capacitors (MKP) Series B32651. 
F. Inductive Couplers
Two identical Double-D pads were manufactured to validate the simulation results: one with nanocrystalline ribbon cores and the other with N87 cores. Pad dimensions are shown in Fig. 3 . The dimensions are based on a previous publication [19] in order to have a reference for comparison.
The coil consists of 20 turns of the litz wire which is made of 850 strands of 0.1-mm diameter, giving a total cross-sectional area of 5.5 mm 2 , four rectangular bars form the core. For the ferrite pad, each core bar is made of 7 I93 (93 × 28 × 16 mm) cores from EPCOS. The cores occupy approximately 30% of the pad area. The 16-mm core thickness ensures maximum flux values of 350 mT during operation.
For the nanocrystalline cores, each core bar is a single unit. Each bar is formed by 20 μm laminated ribbons with a stacking factor of 0.78. Each ribbon is insulated from each other. Based on the aforementioned orientation of the laminations, the width of the ribbon determines the thickness of the bar. Ribbons of two different widths have been used to realize two different core thicknesses: t c1 = 16 mm and t c2 = 8 mm.
III. COMPARISON OF SELF L 1 AND MUTUAL M INDUCTANCES
The magnetic and electric properties of the materials have a direct impact on the values of self and mutual inductance of an IPT pad. The effect of the material permeability and conductivity is analyzed in the following sections.
A. Effect of Core Permeability on Self L 1 and Mutual M Inductances cores, respectively. The coil at the transmitter side is identical to that at the receiver side; thus, the self-inductance at each coil is identical, i.e., L 1 = L 2 = L. First, the materials are simulated as lossless (i.e., σ = 0) to isolate the effect of higher permeability. Given that the mutual inductance is inversely proportional to the magnetic reluctance , the higher magnetic permeability of the nanocrystalline ribbon is expected to decrease and yield higher values of L and M . In fact, a small increment of L, k, and M is observed when using nanocrystalline ribbon cores as compared to ferrite cores. An increment of only 5% to 9% (depending on the airgap) was observed despite the fact that the nanocrystalline ribbon's permeability is more than 100 times higher than that of the ferrite N87 used in this comparison.
The reason for such a small increment is that the airgap between pads dominates the magnetic circuit. The lower core reluctance has an insignificant effect on the overall magnetic flux. Thus, the benefits of higher permeability are trivial.
B. Effect of Core Conductivity on Self L 1 and Mutual M Inductances
For ferrite, the eddy currents induced in the core are very small due to the high resistivity (10 Ωm) of the material. Thus, the effect of eddy currents is almost negligible. However, the resistivity of nanocrystalline material (1.2 × 10 −6 Ωm) is considerably lower than that of ferrite. Due to the higher conductivity, eddy currents are induced in the cores causing changes of the overall coil inductance. As seen in Fig. 5(a) and (b) , the self and mutual inductances obtained from nanocrystalline cores are 1.5% to 3% higher than that of ferrite cores. The increment on the inductance obtained due to the higher permeability is counterbalanced by the induced eddy current in the nanocrystalline cores.
Core bars, as opposed to plates, are commonly used to constrain effectively the magnetic flux while reducing magnetic material, cost, weight, and fragility [19] . However, a considerable portion of the flux enters through the lateral faces of the bars and, consequently, the effect of the induced eddy-currents is not negligible. The overall effect will depend on the exact design of the pad; i.e., number of cores, core dimensions, etc. For smaller pads, for instance, the reduction of the magnetic performance due to eddy currents outweighs the improvement expected from the higher permeability. The variation of the magnetic performance of the pad is insignificant; i.e., replacing nanocrystalline cores for ferrite cores has a negligible effect on k, L, or M .
C. Experimental Results
The impedance measurements for the three aforementioned pads are shown in Fig. 6 (a)-(c) at different airgaps and pad misalignments. They are measured at 85 kHz using the impedance analyzer N4L PSM3750.
The inductance values match the FEM simulations with a difference of less than 8%. Both nanocrystalline pads yield slightly higher self-inductance values than that of ferrite. This is attributed to their higher relative permeability μ r . For both nanocrystalline pads, the mutual inductance remains fairly constant and it is higher than the one obtained from ferrite cores. Fig. 6(d )-(f) depicts the equivalent resistance of the pad measured with the impedance analyzer. The equivalent impedance considers a series-connected resistor and inductor, as shown in Fig. 7 . The equivalent resistance R consists of both the high-frequency ohmic resistance of the coil (litz wire) and the core losses which are part of the real component of the complex impedance of the magnetic core. Conventionally, the equivalent circuit model of magnetic couplers uses resistors in parallel with the magnetizing inductor to model the eddy current and hysteresis losses, as shown in Fig. 7 . The value of the resistance that represents the eddy current loss is inversely proportional to the conductivity of the magnetic core; i.e., higher conductivity results in lower eddy current resistance and, thus, higher eddy current loss. In this article, the loss is modeled by a resistor in series with the magnetizing inductor. When using the series model, higher core conductivity results in a larger eddy current resistance in the equivalent circuit. The dc resistance of the coil was measured as 148 mΩ. For nanocrystalline pads, the resistance has been found to be between 7.6 and 20 times larger than that of ferrite's pads depending on the pad misalignment and the core thickness. The pad with slimmer nanocrystalline cores yields lower resistance. As the core thickness reduces, the eddy currents in the lateral faces decrease proportionally.
Nanocrystalline's higher equivalent resistance reduces the effective pad's quality factor Q, as shown in Fig. 6(g) -(i). While Q ranges from 500 to 570 for the ferrite pad, it reaches a maximum value of 50 and 75 for the nanocrystalline pads with t c1 and t c2 , respectively. As discussed in Section II, the efficiency of the pad Fig. 7 . Equivalent circuit of the magnetic coupler. On the left, a traditional model of the eddy current and hysteresis losses in the core as parallel resistors, R eddy and R hys , respectively, is depicted. On the right, the equivalent circuit is considered as a series impedance. L ≈ L as R core is large. is proportional to Q. Hence, pads with nanocrystalline cores are expected to have a lower efficiency as compared to pads with ferrite cores. This is analyzed with more detail in the following section.
IV. COMPARISON OF FLUX DISTRIBUTION WITHIN THE CORE
The anisotropic characteristic of the permeability along with the eddy currents induced in the magnetic cores influences the distribution of magnetic flux within the core. A comparison of the flux distribution in the core is shown in Fig. 8 for N87 and nanocrystalline ribbon materials.
A. Ferrite Cores
Due to the isotropic properties of the material, the flux distribution in the cross-sectional area of the N87 cores is practically uniform, as depicted in Fig. 8(a) . The flux density reaches its maximum value at the center of the coil since that section offers a shorter flux path between two coils; i.e., nearly all flux paths cross the center of the core. The flux density value is directly proportional to the operating current and inversely proportional to the airgap. For large airgaps (≥50 mm), the leakage flux accounts for most of the linkage flux. Here, the leakage flux is defined as the portion of flux linking only the transmitter or receiver pads but not both. Therefore, the flux density remains fairly constant, as seen in Fig. 8(c) , and the self-inductance L 1 only shows a negligible change. Once the operating point (airgap and current value) is decided, the thickness of the ferrite core can be selected accordingly to ensure that saturation does not occur at any point within the core.
B. Nanocrystalline Cores
As opposed to the ferrite core, the flux distribution in the cross-sectional area of the nanocrystalline core is not uniform. Due to the large discrepancy between the permeability at the parallel and perpendicular directions with respect to the ribbon, the parallel direction (x-axis) is the preferred magnetic path for the flux. The perpendicular direction (y-axis) represents a high reluctance path due to the binder between ribbons. Thus, the flux only reaches a ribbon once the prevailing ones are close to saturation. As a result, the core lateral faces show the highest flux density. From the lateral face to the middle of the core bar (y-axis), the flux density decreases. The middle section of the core bars (x-axis) shows larger flux density than that at the ends, similar to the ferrite case. A model of this effect is shown in Fig. 9 .
Here, ψ represents the total flux entering the lateral faces of the core bar. Since the reluctance r, the first lamination will uptake most of ψ until it reaches saturation. The subsequent ribbons will carry decreasing amounts of flux. The saturated region represents only a small portion of the total core volume, as seen in Fig. 8(b) . The higher flux density at the lateral faces implies higher hysteresis losses. Additionally, the flux perpendicular to the ribbons induces eddy currents in the lateral faces of the core, which changes the distribution and increases the power losses. These losses have a detrimental effect on the overall efficiency of the pad. Nevertheless, it is important to note that only a small portion of the core bar saturates. In fact, the flux density in the majority of the bar is similar to that of obtained with ferrite cores and, therefore, far from the saturation point of the nanocrystalline material. This suggests that the thickness of the bar can be further reduced resulting in higher power densities.
V. EXPERIMENTAL MEASUREMENT OF POWER LOSSES AND COMPARISON
To measure the power losses of the pad during normal operation, the setup in Fig. 10 is used. Series compensation circuits are used for simplicity in both transmitter and receiver sides. The resonant circuit is tuned for an airgap of 20 cm and perfect alignment between the transmitter and the receiver pads. At these conditions, L 1 = 515 μH, M = 130 μH, and C S = 1/(ω 2 L 1 ) = 6.8 nF. The latter is achieved by connecting ten TDK capacitors of 68 nF in series. The inverter at the transmitter side uses a silicon carbide (SiC) MOSFET-based (CREE, C3M0075120 K) H-Bridge. The rectifier at the receiver uses a SiC diode (On Semiconductor, 512-FFSH40120ADNF155) bridge. A Texas Instrument DSP controller (LAUNCHXL-F28379D) is used for generating the switching signals.
It is well known that the efficiency of the pad depends on the load [3] . In the case of identical transmitter and receiver pads, the maximum efficiency of the system is achieved when the currents in both coils are equal. This operating point occurs when the equivalent ac load on the receiver side is R L,ac = ωM = 69.4 Ω. This ac resistance is equivalent to a dc resistance of approximately 85 Ω after the receiver rectifier stage. The maximum efficiency point is independent of the voltage magnitude [12] . Therefore, the power transfer can be regulated by adjusting the input dc-link voltage while maintaining maximum operational efficiency.
Two meters are used to estimate the dc and ac power, respectively. A LeCroy HDO8000 A is used to acquire ac waveforms and measured ac power. Fig. 11 shows the voltage and current waveforms at the converter terminals for an operating Fig. 11 . Current and voltage waveforms at the primary converter, V 1 and i 1 as well as at the secondary converter, V 2 and i 2 . Double-D pad with (a) ferrite N87 and (b) nanocrystalline ribbon t c2 cores, respectively. Airgap between pads: ∼20 cm. point of 5 kW. A Yokogawa PX8000 is used at the dc sides to measure the overall system efficiency. The power and efficiency measurements are shown in Fig. 12 for the different pads. Fig. 12 shows the power input of both pads, the power losses in the magnetic coupler as well as the pad and system efficiencies, respectively. The lower efficiency of the nanocrystalline pad is evident, as shown in Fig. 12(d) . At about 5 kW, the power losses in the ferrite and nanocrystalline pad are approximately 200 W and 600 W, respectively. The pad efficiency is approximately 88% for nanocrystalline pad and 97% for ferrite pads. The power converter efficiency for both cases remains constant at approximately 97.5% since the operating conditions for the converter are the same. As a result, the overall system efficiency with nanocrystalline cores is 88% and 95% for ferrite. This efficiency is higher than the minimum efficiency required by the standard SAE J2954 of 85% but lower than the ferrite counterpart. The nanocrystalline pad with thickness t c1 is about 1% less efficient than the one with t c2 despite the fact that more material is used. The lower flux densities are counterbalanced with higher eddy currents, which decrease the overall efficiency. Evidently, the reduction of efficiency is the price to pay for a reduction of the core volume. This holds true also for ferrite cores; however, for ferrite, the reduction of the core thickness is limited by saturation. Thus, nanocrystalline cores offer an alternative for high-power-density and high-power-rating IPT applications. Nevertheless, without further change in core geometry, the efficiency of the pad is lower.
The methodology described in Section II-E1 estimates the total loss in the pad and segregates it in terms of components. Fig. 13 shows the overall and breakdown losses for ferrite and nanocrystalline pad's where P cu corresponds to the copper loss, P cap to the capacitor loss, P shield to the loss in the aluminum shield, and P elec and P mag to the eddy-current and hysteresis losses in the core, respectively.
For the ferrite pad, the majority of the loss 40.9% corresponds to the compensation capacitors. Magnetic loss accounts for a third of the total loss while the copper loss corresponds to only 22.6% of the total loss. This is due to the high number of strands used in the coil. On the other hand, the loss due to stray flux coupled in the shield accounts for only 1.5% of the total loss. The difference between the measured and estimated total loss is less than 8%. The estimated total loss closely matches the experimental measurements shown in Fig. 12(a) .
Similar accuracy has been obtained when estimating the power loss of the nanocrystalline pad. A difference of less than 6% has been achieved. While the losses in the shield and the capacitors are similar to the ones obtained for the ferrite pads, the eddy current, and the hysteresis losses are higher. Eddy-current loss accounts for almost 60% of the total loss. On the other hand, the hysteresis loss accounts for 23.6% of the total loss, and it is approximately 2.5 times higher than that of the ferrite pad. All things considered, the total loss in nanocrystalline pads is three times higher than that of the ferrite cores. The higher losses of the nanocrystalline pad are mainly a result of the higher conductivity of the core bars and the transverse flux. The 2.5% increment of the hysteresis losses P mag is negligible compared to the larger increment of eddy-current losses P elec . Thus, mitigating the latter is crucial to take advantage of the higher power density achievable by nanocrystalline ribbon cores.
VI. RESEARCH OUTLOOK
From the analysis presented in this article, it is clear that nanocrystalline cores can be utilized in IPT pads with the objective of increasing its power density. Nevertheless, the high power losses (gap losses) from the eddy currents in the lateral faces of the core compromise efficiency. Thus, alternatives for mitigating gap losses are of crucial importance. There are several ways of mitigating these losses. All of these methods could be topics of the future work. 1) Optimal core dimensions: In this article, a one-to-one comparison between nanocrystalline cores is presented, i.e., the ferrite cores are replaced by nanocrystalline cores of identical dimensions. However, better performance of the nanocrystalline pads can be achieved by considering its unique characteristics. The values of both self and mutual inductances are similar for both materials. The hysteresis power loss P mag for nanocrystalline cores is slightly higher than that of ferrite cores despite the lower values of Steinmetz coefficients. This is due to the higher localized losses at the lateral faces of the core bars. Nevertheless, the hysteresis power loss decreases with higher pad area coverage due to the reduction of the flux density within the core. A similar behavior is observed for eddy current losses. Although almost negligible for ferrite cores, for nanocrystalline cores, they can be up to three times larger than the hysteresis. However, the eddy current losses decrease as the area covered by the core increases. This is due to the fact that less flux enters the lateral faces of the bars, which in turn decreases the induced eddy currents. It is clear that the area coverage has an important impact on the overall losses. The increment of the core material required by larger area coverage can be compensated by a reduction of core thickness, which results in similar or even less core volume.
2) Geometrical modifications to the lateral faces of the cores:
In [20] , a significant reduction of the gap losses was achieved by sectioning the core. Segmenting the core results in a reduction of the eddy current loop and its associated losses. A similar approach is used in electric machines. The laminations at the edge of the core are sectioned to reduce the eddy current losses, as shown in [20] . Following a similar approach, the lateral walls of the nanocrystalline ribbon cores can be segmented with cuts along the x and y axes. The actual reduction of eddy current losses can be analyzed in detail in future work. 3) Special core geometries: Eddy current losses can be also mitigated by reducing the exposure of a planar surface to the traverse flux. Two exemplary cases are shown in Fig. 15 . In the first one, the laminations at the lateral walls of the cores are placed in a radial manner. In the second one, two longitudinal surfaces of the bar are chamfered into a trapezoidal geometry. In both cases, the exposed planar surface is reduced. The first geometry is convoluted; the second one, however, is more easily realizable. Simulation results of the second case suggest a reduction of approximately 54% of the eddy current losses and 16% of the hysteresis losses when using this concept as compared to the standard rectangular cores. As future work, an extensive analysis of this concept is required. 4) Hybrid cores: From Fig. 8 and [4] , it is clear that the flux distribution is not uniform. The mid-section of the core bar withstands higher flux densities as compared to the edges of the bar. This allows for a hybrid core that utilizes both ferrite and nanocrystalline ribbon. The higher saturation point of the nanocrystalline bar makes it ideal for the midsection of the bar. The extremes can still use ferrite. As a result, the higher power density of the pad can still be achieved with a potential reduction of power losses.
VII. CONCLUSION
In this article, a feasibility analysis of nanocrystalline cores is presented. The main conclusions are as follows.
1) The higher permeability of nanocrystalline cores results in a slight improvement of L, M , and k. However, its high conductivity tends to counterbalance this effect by decreasing L, M , and k. The overall effect would depend on the core dimensions.
2) The flux distribution in the nanocrystalline cores tends to saturate the lateral walls of the core bars. However, the flux density in the majority of the bar is lower than the saturation point, which allows for miniaturization of the magnetic couplers. 3) Nanocrystalline core losses are higher than the ones obtained from ferrite cores. The dominant contribution of the loss originates from the eddy-current loss at the core's lateral walls. 4) The analytical calculations of power losses closely match the experimental results. This methodology can be used for other ultrathin laminated cores for IPT applications. As future work, the optimum placement and geometry of the cores need to be studied. Additionally, new strategies for mitigating the eddy currents losses can be explored.
